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Chemical  Studies  of  Free  Radical  Relocalization 


Andrew  L.  Cooksy 
San  Diego  State  University 
Department  of  Chemistry  and  Biochemistry 

Abstract 

This  project  seeks  to  expand  our  understanding  of  the  dynamics  of  combustion  inter¬ 
mediates  subject  to  relocalization  by  a  combination  of  gas-phase  laboratory  spectroscopy, 
photochemical  studies,  and  ab  initio  computations.  (1)  Spectroscopy.  Survey  scans  be¬ 
tween  1800  and  2000  cm-1  of  an  acetylene/CO  discharge,  both  at  room  temperature 
and  at  110  K,  reveal  rich  spectra.  Students  are  currently  working  to  assign  the  lines. 
Gaps  in  earlier  scans  are  being  filled  by  means  of  a  new  quantum  cascade  laser.  Our 
apparatus  generates  stimulated  emission  in  ozone  at  a  previously  undetected  5  micron 
region,  but  work  remains  to  characterize  the  relevant  dynamics.  (2)  Photochemistry. 
Students  synthesized  an  acroleinyl  radical  precursor  (2-bromopropen-3-al),  but  photo¬ 
chemical  studies  revealed  no  interesting  chemistry.  Studies  are  continuing,  this  time 
starting  from  commercially  available  acryloyl  chloride  (3-chloropropen-3-al).  (3)  Com¬ 
putations.  We  developed  an  optimized  interpolation  scheme  for  use  with  FEMvib,  our 
solver  for  the  vibrational  Schrodinger  equation  on  arbitrary  potential  energy  surfaces. 
This  advance  greatly  expands  the  usefulness  of  this  resource,  which  is  now  available  as 
a  public  web  service  (http:/ /islands. sdsu.edu).  We  completed  studies  of  the  propynonyl 
radicals,  now  in  preparation  for  publication.  New  studies  of  the  vibrational  manifolds  of 
cyclooctatetraenyl  radical  and  selected  hydrogen-transfer  pathways  in  organotransition 
metal  catalysis  are  underway. 

Summary  of  important  results: 

I.  Laboratory  Spectroscopy  of  Gas-phase  Hydrocarbon  Radicals. 

We  have  carried  out  line  surveys  in  a  He/CO /HCCH  electric  discharge  over  the 
roughly  1800-2000  cm-1  region  at  high  resolution.  Surveys  were  carried  out  both  at  100 
K  (using  liquid  nitrogen  cooling)  and  at  room  temperature,  where  we  expect  to  see  a 
greater  abundance  of  small  (<  3  carbon)  molecules.  We  have  added  a  new  quantum 
cascade  laser  (QCL)  from  Daylight  Solutions  to  the  system,  which  will  enable  us  to  scan 
without  mode  hops  from  1840  to  1950  cm-1. 

From  these  high-resolution  spectra,  we  have  now  observed  and  calibrated  roughly  200 
transitions,  in  addition  to  those  assigned  to  the  ethynyl  radical,  (Fig.  1).  These  appear 
to  be  too  sparse  and  strong  to  be  HCCCO,  but  are  likely  to  be  an  as-yet  unidentified 
band  of  one  of  the  other  ketenyl-like  radicals,  since  they  require  presence  of  CO.  Assign¬ 
ment  of  the  transitions  observed  is  being  carried  out  using  transition  frequencies  and 
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molecular  constants  in  the  literature  archive  and  NIST  databases.  We  have  also  adapted 
the  Pi’s  program  for  fitting  high  resolution  rotational  data  in  order  to  predict  the  rovi- 
brational  spectra  of  the  target  radicals.  Undergraduate  students  have  participated  in  the 
project  by  finding  suitable  estimates  for  the  distortion  and  vibration-rotation  coupling 
constants  and  simulating  the  spectra  for  comparison  to  the  experimental  measurements. 
We  continue  to  scan  under  different  chemistry  (using  butadiene  as  a  precursor,  omitting 
the  CO)  while  assigning  the  archived  spectra. 

Figure  1:  Scan  near  2020cm-1  showing  unidentified  spectra  (center  trace,  blue)  under 
the  same  sample  conditions  in  which  CCH  is  observed.  This  spectrum  also  shows  the 
reference  gas  (top,  red)  and  etalon  fringes  (bottom,  green)  used  to  calibrate  the  frequen¬ 
cies. 


The  development  of  the  spectrometer  and  much  of  the  scanning  were  carried  out 
during  the  funding  period  by  former  postdocs  Nuradhika  Herath  (now  at  Oak  Ridge  Na¬ 
tional  Laboratory)  and  Erich  Wolf  (Oregon  State  U.),  and  former  undergraduate  student 
Michael  Baude  (now  a  graduate  student  at  U.  Tennessee),  all  of  whom  were  supported 
by  this  grant.  Nearly  twenty  other  undergraduates  have  worked  on  this  experiment  to 
varying  degrees  for  course  credit  and  in  some  cases  for  summer  pay. 

II.  Photochemical  Studies  of  Related  Radicals  in  Solution. 

We  have  synthesized  bromo-cyclooctatetraene,  2-bromoacrolein,  and  chloroprene,  to 
serve  as  precursors  in  the  formation  of  cyclooctatetraenyl  (c-C8H7),  acroleinyl,  and 
butadienyl  radicals,  respectively.  However,  the  bromo-cyclooctatetraene  has  proven  too 
difficult  to  keep  stable  for  those  experiments  to  have  yet  been  carried  out.  The  other 
samples  have  been  photolyzed  by  a  Continuum  Surelite-II  YAG  laser  operating  at  a 
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frequency-quadrupled  266  nm.  The  samples  are  analyzed  before  and  after  photolysis 
by  means  of  NMR,  IR,  and  UV/vis  spectra,  with  and  without  the  co-dissolved  radical 
quencher  CH3I.  The  precursor  synthesis  has  been  carried  out  by  Prof.  Mikael  Bergdahl 
and  graduate  students  Lee  Wang  and  Scott  Burley,  all  of  whom  have  received  partial 
support  from  this  grant. 

A  series  of  tests  on  2-bromoacrolcin  yielded  disappointing  results,  as  the  sample  ap¬ 
pears  to  form  acrolein  in  the  presence  of  CH3I,  rather  than  any  of  its  isomers.  This 
compound,  while  the  first  to  be  prepared,  was  also  the  least  promising  with  regards 
to  these  studies,  because  the  relocalization  isomer  that  would  be  formed  (a  dienal)  is 
predicted  to  be  less  stable  than  the  parent  radical.  In  contrast,  the  radical  formed  from 
chloroprene  should  spontaneously  deform  from  the  1,3-diene  to  the  allylic  l,2-dien-3-yl. 
We  have  also  been  investigating  the  analogous  reaction  involving  acroleinyl  radical  by 
starting  from  acryloyl  chloride,  although  this  too  is  complicated  by  the  delicate  stability 
of  the  precursor  compound.  Those  studies  are  experimentally  more  challenging,  because 
the  analytical  spectra  are  more  complex  and  the  solvation  and  photolytic  properties  are 
less  propitious,  but  we  anticipate  overcoming  those  difficulties  in  the  upcoming  experi¬ 
ments. 

III.  Computational  Studies  to  Guide  Both  Sets  of  Experiments. 

FEMvib,  our  program  to  solve  the  vibrational  Schrodinger  equation  on  an  arbitrary 
potential  energy  surface,  now  allows  the  treatment  of  periodic  coordinates  such  as  in¬ 
ternal  rotations.  This  allowed  us  to  participate  in  an  ongoing  study  by  the  William 
Green  group  at  MIT  on  suitable  approximation  methods  for  treating  internal  rotors 
in  computational  studies  of  combustion  chemistry.  The  goal  of  the  project  is  to  find 
what  approximation  methods  afford  the  best  balance  between  accuracy  and  computa¬ 
tional  efficiency  when  estimating  partition  functions  (and  the  associated  thermodynamic 
properties)  for  molecules  where  hindered  rotations  are  a  substantial  contributor  to  the 
dynamics.  In  this  work,  FEMvib  provides  a  gold-standard,  because  we  solve  explicitly 
for  all  of  the  vibrational  eigenstates  of  the  system,  allowing  the  partition  function  to  be 
determined  exactly  within  the  limits  of  the  potential  energy  surface  provided.  Calcu¬ 
lations  on  a  sample  system  are  completed,  and  this  manuscript  will  be  submitted  for 
publication  this  Fall. 

Our  analysis  of  the  HCCCO  system  using  FEMvib  is  complete  and  the  manuscript 
being  edited  prior  to  submission.  The  preparation  of  this  manuscript  has  been  delayed 
by  the  need  to  carry  out  additional  calculations  of  the  partition  functions,  to  better 
serve  the  combustion  community.  A  high-quality  three-dimensional  potential  energy 
surface  has  also  been  assembled  for  the  acroleinyl  radical,  and  analysis  of  the  vibrational 
dynamics  is  forthcoming. 

This  work  has  been  carried  out  entirely  by  graduate  student  Peter  Zajac,  who  com¬ 
pleted  his  doctoral  research  in  Fall  2014. 

Undergraduate  Gerardo  Soriano  has  been  using  FEMvib  to  analyze  a  new  three- 
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diomensional  potential  energy  surface  for  the  C8H7  radical,  and  we  expect  to  submit 
that  paper  this  spring.  Undergraduates  Vy  Le  and  Babgen  Manookian  have  been  testing 
a  new  application  of  FEMvib  to  organotransition  metaql  catalysts,  capitalizing  on  a 
collaboration  of  our  group  with  synthetic  chemist  Doug  Grotjahn  (also  at  SDSU).  The 
driving  concept  is  that  the  hydrogen  transfer  reactions  catalyzed  by  his  compounds  may 
have  suitably  separated  energy  levels  to  allow  a  detailed  quantum  chemical  analysis, 
which  in  turn  may  provide  predictions  of  the  kinetic  isotope  and  other  quantum  effects 
at  much  greater  than  typical  accuracy.  This  work  is  exploratory,  but  preliminary  results 
suggest  that  it  may  be  worthwhile. 

New  graduate  students  Pierre  Winter  and  Richard  LeCoultre  are  investigating  the 
reaction  surfaces  of  the  target  free  radicals  by  coupled  cluster  calculations,  and  recent 
results  indicate  that  the  reaction  C4H5  +  C2H4  kinetically  favors  the  1,2-diene  product 
over  the  thermodynamically  more  stable  1,3-diene,  showing  that  the  early  transition 
states  of  these  reactions  may  often  cause  the  relocalization  of  these  radicals  to  play 
a  significant  and  unanticipated  role  in  the  combustion  chemistry  of  unsaturated  fuels. 
This  is  an  avenue  we  now  intend  to  investigate  more  thoroughly,  examining  the  other 
radicals  and  combinations  with  other  reactants. 
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